To the Faculty of Washington State University:
INTRODUCTION
The subsurface can be considered to consist of two phases in the context of contaminant transport. The phases are the macrophase comprising of interparticle pore spaces and the microphase comprising of intraparticle pore spaces. Contaminants are transported mainly by advection and dispersion through the macrophase. Sorption and reaction can significantly impact the transport process. Slow sorption of contaminants in the subsurface has been successfully simulated by employing intraparticle diffusion models (Crittenden et al., 1986; Haggerty and Gorelick, 1995; Cunningham et al., 1997; Kleineidam et al., 1999) .
Sorption isotherm, that relates water phase contaminant concentration with that of the adsorbed phase, are specific to the contaminant of concern for a given soil and can be linear or nonlinear (Xing and Pignatello, 1997; Xia and Ball, 2000) . Linear isotherms are easy to implement in a numerical model. Nonlinear isotherms, however, can add to the challenge and complexity of solving coupled macrophase and microphase transport equations. Leidl and Ptak (2003) modified the modular solute transport model in 3-dimension (MT3D) developed by Zheng (1990) to simulate coupled macrophase and microphase transport in the subsurface. The modification was implemented by developing a finite difference model (FDM) . The FDM, however, requires strict conditions for stability and, often times, leads to oscillatory solutions resulting in negative concentrations and numerical instability. Liang (1984) presented a FDM for simulating nonlinearly coupled macrophase and microphase transport of contaminants in a fixed bed of activated carbon. An examination of the 1 FORTRAN program listing presented by Liang (1984) reveals that the model might have suffered from oscillation resulting in negative contaminant concentrations leading to numerical instability. Negative concentration is a physical impossibility and is normally avoided by setting it to zero arbitrarily (Hossain and Yonge, 1992) .
The method of orthogonal collocation (MOC) is also frequently employed in solving coupled macrophase and microphase transport equations. The MOC is reported to fail due to numerical oscillations (Thibaud-Erkey et al., 1996) . Thacker (1981) presented an excellent model to simulate transport of contaminants through a packed bed of activated carbon. The model was developed by employing the MOC. An inspection of the FORTRAN program listing presented by Thacker (1981) appears to suggest that the model might have suffered from numerical instability due to oscillatory results. Further, it is difficult to extend the MOC to field scale modeling. Hossain and Yonge (1992) conclude that finite element models (FEMs) are better than the FDM and the MOC with regard to convergence and stability. Hossain and Yonge (1992) presented an "upwind" Galerkin FEM (GFEM) to simulate advective transport of contaminants through activated carbon columns. The model did not, however, include the effect of dispersion and reaction, and was first-order in time. Further, upwinding is known to introduce artificial dispersion. Noorishad et al. (1992) reported that Crank-Nicolson time stepping, when used in conjunction with the GFEM, provides higher order temporal accuracy to simulate advective-dispersive transport. Perrochet and Be´rod (1993) Therefore, the objective of this paper is to present a CNGFEM to simulate nonlinearly coupled macrophase and microphase transport in the subsurface. Additionally, the paper explores stability of the model and compares model predictions with experimental data obtained from literature.
MODEL EQUATIONS
The model equations can be derived by applying the principle of mass balance with the assumption that the soil particles are spherical. The model equations are given below even though they can be found elsewhere (Lee et al., 2007; Thacker, 1981) .
In the above equations, C is the macrophase concentration of the contaminant ( ) ( )
In the above equations, L is the length of the domain to be simulated, is the initial concentration, and is contaminant concentration at the upstream boundary.
( )
Eq. 2 describes transport of contaminants in the microphase. It can be subjected to the following initial and boundary conditions. 
Here k and n are constants specific to the soil and the contaminant of concern.
NONDIMENSIONAL MODEL EQUATIONS
The model equations were converted to their respective nondimensional forms by introducing the following dimensionless variables to minimize computational difficulty inherent to the solution of coupled micro-and macrophase transport equations.
Among the dimensionless variables, a few are of particular significance in the context of coupled macrophase and microphase transport. These are the solute distribution parameter , the Peclet number , the Stanton number , the surface diffusion modulus , and the Sherwood number .
Eqs. 1 and 2 and the associated initial and boundary conditions were transformed to the following nondimensional forms by utilizing these variables.
SOLUTION TECHNIQUE
Piece-wise linear basis functions (PLBFs) were utilized to discretize the model equations for computational simplicity. Application of the Crank-Nicolson time stepping scheme and the Galerkin minimization principle to Eq. 23, the macrophase transport equation, led to the derivation of the following system of ordinary differential equations (ODEs) in time.
[
An excellent treatment of the Galerkin principle and the PLBFs can be found elsewhere (Lapidus and Pinder, 1982) . Matrices and vectors in the preceding equation are defined below.
The matrices and the vector in the preceding equations are of dimensions and , respectively, with NA being the number of finite elements of length
The microphase transport equation was similarly discretized to obtain the following system of ODEs in time.
Elements of matrices and vectors in the preceding equation are defined below.
( ) ( )
The matrices in the preceding equations are of dimension NR NR × . The vectors are of dimension with being the number of radial finite elements of length
Implicit backward discretization of the temporal derivatives in Eqs. 32 and 39 followed by some mathematical manipulation resulted in the following sets of algebraic equations.
In the above equations: As the diffusion coefficient is increased, a limiting point is reached when contaminant transport into the particle is controlled by the film transfer coefficient.
EFFECT OF ADSORPTION PARAMETERS
An examination of and 2,4,6-trichlorophenol (2,4,6-TCP) for soil columns of height 50 cm were obtained from Rahman et al. (2003) . Model parameters were also obtained from Rahman et al. (2003) and are summarized in Table 2 . 2-M-4,6-DNP and 2,4,6-TCP are relatively less hydrophobic than DBT and PCP as evident from their respective adsorption constant k. Mass transfer Biot numbers (Bi) were calculated for all the solutes and were found to be in the range of 85 -1425. A Bi of greater than or, equal to 30 is normally considered a diffusion controlled transport (Weber and Digiano, 1996) .
Adsorption followed by Desorption
Experimental BTCs for adsorption followed by desorption for simazine was obtained from Suárez et al. (2007) . Model parameters listed in Table 2 for this compound was also obtained from literature (Suárez et al., 2007) 
